We present the explicit expressions for the resummation of large-x T Sudakov effects in the transverse-energy distribution of prompt-photons produced in hadronic collisions, to nextto-leading logarithmic (NLL) accuracy. Fragmentation processes do not contribute to the Sudakov resummation at NLL level. In Mellin space, the resummed radiative factor factorizes in the product of independent radiators for the two initial and the one final coloured partons appearing in the Born process, times a simple factor describing the soft-gluon interferences between initial and final states. The formulae are given in terms of Mellin moments, and can be used for phenomenological applications using standard techniques for the inverse-Mellin transforms. The calculations presented in this work, when added to the existing works on DY and DIS production, complete the theoretical ground-work necessary to carry out global fits of parton densities with a uniform NLL accuracy in the large-x region.
1 Introduction some puzzling features, which will need to be properly clarified before use of these data can be made to place robust constraints on the large-x gluon distribution inside the proton. This is unfortunate, since these data provide today the only independent probe on high-x gluons. Their accurate interpretation is therefore a fundamental ingredient for an accurate prediction of the production rate of high-E T jets at the Tevatron, a measurement which has challenged perturbative QCD in the recent past [26] .
To improve the reliability of the perturbative predictions for the production of prompt photons at large x T , and detect the presence of potentially large corrections beyond NLO that could change the interpretation of the current data, in the present work we consider an extension of the NLO formalism that includes large logarithmically-enhanced effects as the production threshold is approached. This is the kinematical region of interest for the fixed-target data. As the x T of the photon is increased, the parton luminosity becomes steeper, being driven down by the strong suppression of the gluon density at large x. We thus enter a regime of inhibited radiation: further radiation of soft gluons is strongly suppressed, and logarithmically-enhanced effects (Sudakov effects) arise at any order in the perturbative expansion. These logarithms spoil the reliability of the fixed-order expansion in the strong coupling α s and, hence, their summation to all pertubative orders is necessary. For simplicity, this regime can be described in terms of the distance from the kinematic threshold, which is reached when x T ∼ 1. In this limit, the coefficients of the perturbative series for the cross section are enhanced by powers of ln(1 − x T ) that have to be resummed at all orders. This simplified description applies to the case of hypothetical structure functions that are not strongly suppressed at high x. It is, however, an appropriate framework for the classification of the perturbative corrections we are interested in.
In this work we will present all the formalism that is needed to compute the resummed cross section for direct photons, integrated over the photon rapidity and at fixed transverse energy. In particular, we give explicit resummation formulae that are valid up to next-to-leading logarithmic (NLL) accuracy. No phenomenological applications will be discussed here, but they will be explored in a forthcoming work. Furthermore, the formulae for the resummed correction factors will be presented and illustrated, but not derived here. The general formalism [27] used to obtain the resummation factors, which has already been used for the NLL resummation of the heavy-quark total production cross-section in Ref. [28] , will be presented in a forthcoming publication [29] .
The rest of this work is organised as follows. The general theoretical framework is discussed in Sect. 2. In Sect. 3 we fix our notation and present the formulae for the Born cross section, together with their Mellin transforms. Soft-gluon resummation at large x T is considered in Sect. 4 . The NLL resummation factors are presented in Sects. 4.1, 4.2. In Sect. 4.3, the fixed-order expansion of the resummed formulae is compared with the NLO results of Refs. [1, 3] . This comparison is also exploited to fix certain constant factors in the resummed formulae. In Sect. 5 we discuss similarities and differences between the resummed factors for the prompt-photon cross section and those for other hard-scattering processes, and we prove the consistency of the results obtained in the case of prompt photons with the coherence properties of large-angle soft-gluon emission. Section 6 contains our conclusions.
More technical details are left to the Appendices. In Appendix A, we give the NLL formulae for the radiative factors in the Mellin transform representation. Previous experience in the case of heavy-flavour production has shown that this is what is needed to perform a reliable phenomenological analysis [28] . In Appendix B, the threshold limit of the partonic cross sections is discussed. In particular, a prediction for the logarithmic terms at the next-to-next-to-leading order (NNLO) is given. Finally, in Appendix C the simpler case of photoproduction of direct photons is discussed.
While completing this paper, a study of the NLL resummation for single-inclusive distributions, covering the case of prompt-photon production, has been released by Laenen, Oderda and Sterman [30] .
General framework
The presence of large logarithmically-enhanced contributions is a common feature in the study of the production cross sections of systems of high mass or high transverse energy near threshold. In this kinematic regime, known as the Sudakov regime, only additional soft gluons can be produced. The radiative tail of the real emission is thus strongly suppressed and cannot balance the virtual corrections. The imperfect compensation between real and virtual terms leads to the large logarithmic contributions.
General techniques for resumming soft-gluon corrections to hadroproduction processes have been developed over the past several years, starting from the case of Drell-Yan (DY) pair production [31, 32] . The resummation program of the soft-gluon contributions is best carried out in the Mellin-transform space, or N-space, where N denotes the parameter that is conjugate to the kinematic variable that measures the distance from threshold. In N-moment space the thresholdproduction region corresponds to the limit N → ∞ and the typical structure of the logarithmic contributions is as followsσ
N is the corresponding partonic cross-section at LO. In the DY process the logarithmic terms in the curly bracket of Eq. (1) can be explicitly summed and organized in a radiative factor ∆ DY,N that has an exponential form [31, 32, 33] :
Note that the exponentiation in Eq. (2) is not trivial. The sum over m in Eq. (1) extends up to m = 2n while in Eq. (2) the maximum value for m is smaller, m ≤ n + 1. In particular, this means that all the double logarithmic (DL) terms α 
DY contains the next-to-leading logarithmic (NLL) terms α n s ln n N, α s g
DY contains the next-to-next-to-leading logarithmic (NNLL) terms α n+1 s ln n N, and so forth. Once the functions g (k)
DY have been computed, one has a systematic perturbative treatment of the region of N in which α s ln N ∼ < 1, which is much larger than the domain α s ln 2 N ≪ 1 in which the fixed-order calculation in α s is reliable.
The QCD exponentiation formula for the DY process formally resembles analogous results for QED. This is because the underlying hard-scattering subprocess involves only two QCD partons, i.e. the annihilatingpair, and, hence, both its kinematics and its colour structure are simple.
In the case of prompt-photon production, instead, all the LO hard-scattering subprocesses
involve three coloured partons and, then, Sudakov resummation is by far less trivial.
A key ingredient for the exponentiation in the DY process is the factorization of the corresponding multigluon matrix elements in the soft limit. Since the colour structure of a two-parton hard-scattering is trivial ¶ , primary soft radiation from the two hard partons factorizes as in QED. Then the subsequent parton radiation can be factorized in non-interfering angular-ordered cascades because of the coherence properties [35] of QCD emission.
In the case of prompt-photon production, and, in general, in scattering processes produced by hard interactions of more than two QCD partons, the colour and momentum flows in the partonic subprocess are more involved. In particular, the interplay between colour exchange in the hard scattering and colour transitions induced by parton radiation spoils QED-like factorization of soft-gluon emission. Therefore, both colour correlations and soft-gluon interferences have to be properly taken into account. It turns out that, in general, the threshold logarithmic corrections cannot be resummed in a single exponential factor [36] : one has to deal with exponential matrices that couple the various colour channels of the hard-scattering subprocess.
However, the three-parton subprocesses in Eq. (4) are a special case among the multiparton configurations. There is only one colour-singlet state that can be constructed by combining qqg and then, because of colour conservation, soft-gluon radiation cannot induce colour transitions in the hard-scattering subprocess. Owing to the absence of colour correlations, we conclude that the logarithmically-enhanced threshold corrections in prompt-photon hadroproduction are embodied by three radiative factors (one factor for each of the LO partonic channels in Eq. (4))
that, after all-order resummation, have an exponential form analogous to the DY radiative factor in Eq. (3). Nonetheless, the similarity with the DY process regards only the colour structure. The hard-scattering kinematics is different in prompt-photon production and the factors in Eq. (5) still contain soft-gluon interference effects that are non-trivial. The pattern of these soft-gluon interferences is typical of multiparton hard-scatterings.
General theoretical methods to perform Sudakov resummation in processes initiated by hard scattering of more than two QCD partons have recently been developed by two groups. The KOS formalism [36] - [38] uses the Wilson line approach to treat colour correlations and soft-gluon interferences. It has been explicitly applied to the calculation with NLL accuracy of the the invariant-mass distributions of heavy-quark pairs and dijets (see also ref. [30] ). The more recent BCMN formalism [28] is based on generalized soft-gluon factorization and has been used for the NLL calculation of the total cross section for heavy-quark hadroproduction. The consistency of the NLL results for the total cross section [28] with those for the invariant mass distribution [36] of heavy-quark pairs shows that, although different, the two formalisms are equivalent to a large extent. ¶ This is the reason why similar exponentiation formulae apply to many other two-jet-dominated processes [34] .
In other words, the qqg colour-amplitude M αᾱa qqg (α,ᾱ and a are the colour indices of the quark, antiquark and gluon, respectively) is necessarily proportional to the matrix t a αᾱ of the fundamental representation of the gauge group SU (N c ).
In the rest of this paper, we first introduce our notation and then we present the resummed expressions of the prompt-photon radiative factors (5) to NLL accuracy. The results include the complete soft-gluon interferences to this accuracy, as evaluated by using the BCMN formalism. Details of our general formalism will be presented elsewhere [29] .
Notation and fixed-order calculations
We consider the inclusive production of a single prompt photon in hadron collisions:
The colliding hadrons H 1 and H 2 respectively carry momenta P ν 1 and P ν 2 . In their centre-of-mass frame, using massless kinematics, they have the following light-cone coordinates
where S = (P 1 + P 2 ) 2 is the centre-of-mass energy squared. The photon momentum p is thus parametrized as
where E T and η are the transverse energy and the pseudorapidity, respectively. We also introduce the customary scaling variable x T (0 ≤ x T ≤ 1):
We are interested in the prompt-photon production cross section integrated over η at fixed E T . According to perturbative QCD, the cross section is given by the following factorization formula
where a, b, c denotes the parton indices (a = q,q, g), and f a/H 1 (x 1 , µ The rescaled * * partonic cross sectionsσ ab→γ andσ ab→c in Eq. (10) are computable in QCD perturbation theory as power series expansions in the running coupling α s (µ 2 ), µ being the renormalization scale in the MS renormalization scheme:
Note that the ratio between the direct and the fragmentation terms in Eqs. (11) and (12) is of the order of α/α s , where α is the fine structure constant. This ratio is compensated by the photonfragmentation function d c/γ , which (at least formally) is of the order of α/α s , so that direct and fragmentation components equally contribute to Eq. (10).
Throughout the paper we always use parton densities and parton fragmentation functions as defined in the MS factorization scheme. In general, we consider different values for the renormalization and factorization scales µ, µ F , µ f , although we always assume that all of them are of the order of the photon transverse energy E T .
The LO termsσ (0) ab→dγ in Eq. (11) are due to the tree-level parton scatterings
where the flavour indices a, b, d are those explicitly denoted in the subprocesses of Eq. (4). Using our normalization, the two independent (non-vanishing) partonic cross sections for the direct component are:σ
where e q is the quark electric charge. Note that, having integrated over the photon pseudorapidity, the expressions (14, 15) are even functions of the photon transverse energy E T , i.e. they depend on x 2 rather than on x. The NLO termsσ (1) ab→γ in Eq. (11) were first computed in Ref. [1] . The partonic contributionsσ ab→c to the fragmentation component of the cross section are exactly equal to those of the single-hadron inclusive distribution. Their explicit calculation up to NLO was performed in Ref. [10] .
We are mainly interested in the behaviour of QCD corrections near the partonic-threshold region x → 1, i.e. when the transverse energy E T of the photon approaches the partonic centreof-mass energy √ x 1 x 2 S. In this region, the LO cross sections (14, 15) behave aŝ
This integrable singularity is a typical phase-space effect. At higher perturbative orders, the singularity in Eq. (16) is enhanced by double-logarithmic corrections due to soft-gluon radiation and the cross section contributions in Eqs. (11, 12) behave aŝ
(17) * * These functions are related to the partonic differential cross sections byσ
Resummation of these soft-gluon effects to all orders in perturbation theory can be important to improve the reliability of the QCD predictions.
N -moment space
The resummation program of soft-gluon contributions has to be carried out [31, 32] in the Mellintransform space, or N-space. Working in N-space, one can disentangle the soft-gluon effects in the parton densities from those in the partonic cross section and one can straightforwardly implement and factorize the kinematic constraints of energy and longitudinal-momentum conservation.
It is convenient to consider the Mellin transform
The N-moments with respect to x 2 T and at fixed E T are thus defined as follows:
In N-moment space, Eq. (10) takes a simple factorized form
where we have introduced the customary N-moments f a/H, N and d a/γ, N of the parton densities and parton fragmentation functions:
Note that the N-moments of the partonic cross sections in Eq. (19) are again defined with respect to x 2 T :
In particular, the N-moments of the LO contributions in Eqs. (14, 15) are given by the following explicit expressions:σ
Note also the pattern of moment indices in the various factors of Eq. (19), i.e. f a/H, N +1 for the parton densities and d c/γ, 2N +3 for the parton fragmentation functions. This non-trivial pattern follows from the conservation of the longitudinal and transverse momenta.
The threshold region x T → 1 corresponds to the limit N → ∞ in N-moment space. In this limit, the soft-gluon corrections (17) to the higher-order contributions of the partonic cross sections becomeσ
The resummation of the soft-gluon logarithmic corrections to all orders in perturbation theory is considered in the following Section.
4 Soft-gluon resummation at high E T
Resummed cross section to NLL accuracy
In the threshold or large-N limit, the various partonic channels contribute in different ways to the prompt-photon cross section σ γ, N (E T ) in Eq. (19) .
Firstly, we can compare the direct and fragmentation contributions to Eq. (19) . The partonic cross sectionsσ ab→γ, N andσ ab→c, N have the same large-N behaviour, but, owing to the hard (although collinear) emission always involved in any splitting process c → γ + X, the photonfragmentation function d c/γ, N is of the order of 1/N. Therefore, in Eq. (19) the fragmentation component is formally suppressed by a factor of 1/N with respect to the direct component and in our resummed calculation we can neglect the fragmentation contributions.
Then, we can discuss the differences in the large-N behaviour of the partonic cross sectionsσ ab→γ, N (α s ) for the direct processes. The cross sections for the partonic channels ab =′ ,qq ′ , qq,′ ,qq,qq ′ (q and q ′ denote quarks of different flavours) vanish at LO and are hence suppressed by a factor of α s with respect toσ qq→γ, N (α s ),σ qg→γ, N (α s ),σq g→γ, N (α s ). Moreover, in the large-N limit this relative suppression is furtherly enhanced by a factor of O(1/N) because the photon has to be accompanied by (at least) two final-state fermions that are not produced by the decay of an off-shell gluon. Therefore, we make no attempt to resum soft-gluon corrections to these partonic channels. The partonic cross sectionσ gg→γ, N (α s ) has a different large-N behaviour. It begins to contribute at NLO via the partonic process g + g → γ + q +q, which again leads to a suppression effect of O(1/N) with respect to the LO subprocesses. However, owing to the photon-gluon coupling through a fermion box, the partonic subprocess g + g → γ + g is also permitted. This subprocess is logarithmically-enhanced by multiple soft-gluon radiation in the final state, but it starts to contribute only at NNLO in perturbation theory. It follows that the partonic channel ab = gg is suppressed by a factor of α 2 s with respect to the LO partonic channels ab = qq, qg,qg and it enters the resummed cross section only at NNLL accuracy.
In conclusion, since we are interested in explicitly perform soft-gluon resummation up to NLL order, we can limit ourselves to considering the partonic cross sectionsσ qq→γ ,σ qg→γ ,σq g→γ .
As discussed in Sect. 2, the soft-gluon corrections to the partonic channels ab = qq, qg,qg are not affected by colour correlations. Thus, in the resummed expressionsσ (res) ab→γ, N for the partonic cross sections, the logarithmically-enhanced threshold contributions can be factorized with respect to the corresponding LO cross sectionsσ (0) ab→dγ, N in Eqs. (23, 24) . The all-order resummation formulae arê
where
Note that the right-hand side of Eqs. (26, 27) does not depend on the factorization scale µ f of the photon fragmentation functions. Thus, the resummed partonic cross sectionsσ (res) ab→γ, N turn out to be independent of µ f . This is in agreement with the subdominance of the fragmentation contributions near threshold, as discussed above.
The functions C ab→γ (α s ) in Eqs. (26, 27) do not depend on N and, thus, contain all the contributions that are constant in the large-N limit. These functions are computable as power series expansions in α s
The physical origin and the structure of the constant factors
The ln N-dependence of the resummed cross sections is entirely embodied by the radiative factors ∆ ab→dγ N on the right-hand side of Eqs. (26, 27) . Note, the mismatch between the moment index of the radiative factor and that ofσ (0) ab→dγ, N : the former depends on N + 1, like the parton densities in Eq. (19) . The explicit expressions of the radiative factors are given in the following subsection.
The radiative factors
The soft-gluon factors ∆ ab→dγ N depend on the flavour of the QCD partons a, b, d involved in the LO hard-scattering subprocess a + b → d + γ. According to the discussion of Sect. 2, the resummed expressions for ∆ ab→dγ N have an exponential form. To explain the exponentiation structure and to facilitate the comparison with other hadroproduction processes, we use a notation similar to that in Ref. [32] and we write the prompt-photon radiative factors as follows
The resummed formulae to NLL accuracy for the various contributions on the right-hand side of this equation are presented below.
depends on the flavour a of a single parton, on the factorization scheme of the parton density f a/H, N (µ 2 F ) and on the factorization scale µ F . In the MS scheme, we have
where A a (α s ) are perturbative functions
The lower-order terms A
a and A (2) a are
where C a = C F if a = q,q and C a = C A if a = g, while the coefficient K is the same both for quarks [39] and for gluons [40] and it is given by † †
The term
2 ) depends on the parton flavour d and is independent both of the factorization scale and of the factorization scheme:
The functions A d (α s ) are given in Eq. (33) and the functions B d (α s ) have analogous perturbative expansions:
with [39, 40] B
(1)
Likewise (31) is independent of the factorization scale and scheme. Nonetheless, it depends on the flavours of all the QCD partons entering the LO scattering subprocess:
(39) The function D ab→dγ (α s ) has the following perturbative expansion
with D
The factorized structure in Eq. (31) According to this interpretation, the perturbative functions in Eqs. (33, 37, 40) 
The physical origin of the several contributions on the right-hand side of Eq. (31) is furtherly discussed in Sect. 5, where we compare the promp-photon radiative factors with the analogous resummed factors that control the threshold behaviour of other hadroproduction processes. In the rest of this section we limit ourselves to comment on few additional features of the resummed contributions to the prompt-photon cross section.
The various factors in Eq. (31) contribute to the resummed prompt-photon cross section at different level of logarithmic accuracy. If we simply consider the double-logarithmic (DL) approximation, which consists in resumming only the terms α 
The complete set of LL terms is obtained by neglecting the functions B(α s ), D(α s ) in Eqs. (36, 39) , by truncating A a (α s ) to their first order and using the LO running of the coupling α s (q 2 ). At the NLL order, also the contribution of the coefficients A ab→dγ has to be included. Note that different scales, e.g.
, appear on the right-hand sides of Eqs. (32, 36, 39) . In particular, the scales in the q 2 -integration limits of Eq. (32) are different from those of Eq. (36) , and the B function in Eq. (36) depends on α s ((1 − z)Q 2 ) while the D function in the interference contribution (39) depends on α s ((1 − z) 2 Q 2 ). These scales follows from the hard-scattering kinematics, which affect in a different way initial-or final-state emission and collinear or soft radiation.
Note, also, that the renormalization scale µ does not explicitly enter the right-hand side of Eqs. (32, 36, 39) . This is because the radiative factors are renormalization-group-invariant quantities when evaluated to all order in perturbation theory. Only when the all-order expressions are truncated to a certain degree of logarithmic accuracy, the renormalization-scale dependence explicitly appears as a higher-order effect.
Since we know the radiative factors only to NLL order, we use the Eqs. (32, 36, 39 ) by replacing
with its NLO expansion in terms of α s (µ 2 ) and k 2 (cf. Appendix A), and we explicitly carry out the z and q 2 integrals by neglecting terms beyond NLL accuracy. We thus write the prompt-photons radiative factors as follows:
The functions g (1) and g (2) resum the LL and NLL terms, respectively. These functions are different for theand qg partonic channels of Eqs. (26) and (27) , and are explicitly computed in Appendix A. We find:
and g
qq λ,
qg λ,
where γ E = 0.5772 . . . is the Euler number and b 0 , b 1 are the first two coefficients of the QCD β-function
The auxiliary functions h (1) and h (2) in Eqs. (45) and (46, 47) are
where K is the coefficient in Eq. (35) .
The results in Eqs. (44) (45) (46) (47) provide us with a theoretical description of soft-gluon resummation in prompt-photon hadroproduction at the same level of accuracy as for other hadroproduction processes, such as the production of Drell-Yan pairs [31, 32] or heavy quarks [36, 28] . These results can be used for detailed quantitative studies along the lines of Refs. [41, 28] . In this paper we do not present numerical analyses and we limit ourselves to discuss the expected sign and size of the resummation effects.
In the near-threshold region, radiation in the final state is kinematically inhibited. On physical basis, one thus expects that resummation of the ensuing logarithmically-enhanced corrections produces suppression of the cross section. This argument applies to hadronic cross sections, but it is not necessarely valid for partonic cross sections. The partonic cross section is what is left after factorization of long-distance physics into the parton distributions. Since all-order resummation is in part automatically implemented in the definition of the parton densities, the remaining resummation effects can either enhance or deplete the partonic cross section. From the overall inspection of the effect of the radiative-factor contributions to Eq. (31), we infer that, in the case of prompt-photon production, the resummed partonic cross sectionsσ qg→qγ, N . Moreover, the enhancement in the qg partonic channel is larger than that in thechannel.
This conclusion can also be argued by a simplified treatment within the DL approximation. Inserting Eqs. (42, 43) into Eq. (31), we obtain
The first, second and third terms in the square bracket on the right-hand side of Eqs. Note that this conclusion directly applies only to the asymptotic limit N → ∞ or E T → √ S/2. In the case of kinematic configurations of experimental interest, subleading effects and their dependence on the x-shape of the parton distributions and on the renormalization and factorization scale have to be carefully estimated.
The constant factors
Expanding the resummed expressions in Eqs. (44) (45) (46) (47) to the first order in α s and using Eqs. (26, 27) , we obtain
One can easily check that the logarithmic terms in these perturbative expansions agree with those that can be derived from the complete NLO analytic results of Refs. [1, 42, 3] . From this comparison we can also extract the first-order constant coefficients C qg→γ . We find
and the coefficient K is given in Eq. (35) .
The first-order coefficient C
ab→γ and, indeed, all the perturbative coefficients of the constant (N-independent) function C ab→γ (α s ) in Eq. (30) are produced by hard virtual contributions and by subdominant (non-logarithmic) soft corrections to the LO hard-scattering subprocesses. In both cases the structure of the external hard partons is the same as at LO. This justifies the all-order factorization of C ab→γ (α s ) with respect toσ (0) ab→dγ, N and to the radiative factor in the resummed partonic cross sections (26, 27) .
The inclusion of the N-independent function C ab→γ (α s ) in the resummed formulae does not affect the shape of the cross section near threshold, but improves the soft-gluon resummation by fixing the overall (perturbative) normalization of the logarithmic radiative factor.
We can explicitly show [43, 28] the theoretical improvement that is obtained by combining the NLL radiative factor with the first-order coefficient C (1) . Expanding the resummation formulae (26, 27) in towers of logarithmic contributions as in Eq. (1), we havê
where α s = α s (µ 2 ). The dominant and next-to-dominant coefficients c n,2n and c n,2n−1 are controlled by evaluating the radiative factor to NLL accuracy. When the NLL radiative factor is supplemented with the coefficient C
(1) , we can correctly control also the coefficients c n,2n−2 . In particular, we can predict (see Appendix B) the large-N behaviour of the NNLO cross sectionŝ σ (2) ab→γ in Eq. (11) 
up to O(ln N).
Note also that coefficients c n,2n are scale independent and the coefficients c n,2n−1 depend on the sole factorization scale µ F . In the tower expansion (61), the first terms that explicitly depend on the renormalization scale µ (and on µ F , as well) are those controlled by c n,2n−2 . Their dependence on µ is obtained by combining that of
2 ) with that of the radiative factor at NLL order. The inclusion of the first-order constant coefficient C (1) thus (theoretically) stabilizes the resummed partonic cross section with respect to variations of the renormalization scale.
Comparison with other processes: soft-gluon interferences and QCD coherence
Further insight on the underlying physics mechanism that leads to the resummed expressions (26, 27) can be obtained by comparing prompt-photon production with other hard-scattering processes.
In the hadroproduction of a DY lepton pair (Fig. 1a) of high mass Q 2 , the vicinity to the threshold region is measured by the inelasticity variable τ = Q 2 /S, where √ S is the centre-ofmass energy. The Born-level partonic process that controls the cross section isannihilation. In N-moment space, where the N-moments are defined with respect to τ , the Sudakov corrections to the qq-annihilation cross section are taken into account by a resummation formula analogous to Eq. (26, 27) . Up to NLL accuracy, the corresponding radiative factor ∆ DY, N (Q 2 ) has the following explicit expression [31, 32] ∆
where ∆ q N (Q 2 ) and ∆q N (Q 2 ) are the single-parton contributions * given in Eq. (32) . Each term ∆ a N embodies multiple initial-state radiation of soft gluons, i.e. gluons that carry a small fraction * To simplify the notation, we drop the explicit dependence on α s and on the renormalization and factorization scale. Therefore, we use ∆ 1 − z ∼ 1/N ∼ (1 − τ ) of the energy of the initial-state parton a. The factorized structure on the right-hand side of Eq. (62) implies that soft-gluon interferences between the two hard partons cancel to this logarithmic accuracy [44] .
Note that this cancellation does not depend on the type of annihilating partons. In fact, when the DY pair is replaced by a colourless system, say, a Higgs boson, produced by gluon-gluon fusion, the resummed partonic cross section is controlled by a NLL radiative factor [40, 45] 
which is again factorized in single-parton contributions.
The presence of non-interfering Sudakov factors is typical of other processes dominated by hard scattering of two QCD partons, such as lepton-hadron DIS, e + e − annihilation in two jets and prompt-photon photoproduction.
In the case of inclusive DIS (Fig. 1b) , the hard-scattering scale Q 2 = −q 2 is given by the square of the space-like transferred momentum q and the relevant inelasticity variable is the Bjorken variable x Bj = Q 2 /2P 1 · q. The Born-level partonic process is lepton-quark scattering and, when the threshold region x Bj → 1 is approched, the corresponding radiative factor ∆ DIS, N (Q 2 ) in N-moment space is [44, 46] ∆
The Sudakov factor ∆ q N (Q 2 ) is exactly the same as in the DY process. It embodies soft-gluon radiation from the initial-state quark. Unlike in the DY process, however, in DIS the scattered initial-state quark fragments in the final state. Then the factor J q N (Q 2 ) takes into account the fragmentation of the final-state quark into a jet of collinear and/or soft partons with a small invariant mass
The NLL expression of the jet mass distribution J a N (Q 2 ) is given in Eq. (36) .
Hadronic final states with two back-to-back jets produced in e + e − annihilation at the centre-ofmass energy Q (Fig. 1c) are also controlled by the jet mass distribution J a N (Q 2 ) [43] . For instance, in the case of the distribution (1/σ) dσ/dT of the thrust T [47] , the Sudakov region is T → 1. In this limit we have 1 − T ≃ k
are the hadronic invariant masses in the two emispheres singled out by the plane orthogonal to the thrust axis. Considering the N-moments ∆ T (e + e − ), N (Q 2 ) of the thrust distribution with respect to T , and taking the large-N limit, one obtains [47] ∆
The factors J q and Jq are the invariant-mass distributions of the two jets that originate from the fragmentation of the qq-pair produced by the e + e − -annihilation process at the Born level.
The structure of the radiative factors in Eqs. (62-65) easily explains the high-E T behaviour of the prompt-photon cross section in photoproduction collisions (Fig. 1d) . This process, which can be regarded as a simplified case of the hadroproduction process considered throughout the paper, is discussed in Appendix C. In hadron-photon collisions the production of high-E T prompt photons is dominated at the Born level by the Compton-scattering subprocess q(
The all-order resummation of Sudakov effects leads to the radiative factor ∆ qγ→qγ N in Eq. (96), whose NLL expression is given in Eq. (100):
The factor ∆ q N (Q 2 ) takes into account sof-gluon radiation from the initial-state quark, while J q N (Q 2 ) is the mass distribution of the jet produced by the collinear and/or soft fragmentation of the final-state quark.
Note that high-E T prompt-photon photoproduction can be regarded as a photon-hadron deepinelastic scattering, where the space-like momentum transferred by the scattered photon is q µ = p µ 2 − p µ . Since the high-E T cross section is dominated by the kinematics configurations in which the prompt photon is produced in the central rapidity region, we have 2p
T and the inelasticity variable analogous to the Bjorken variable is
T (see Eq. (98)) and that N is the moment index with respect to x 2 T (see Eq. (95)), we can thus straigtforwardly understand the complete analogy between Eq. (66) and the expression (64) for the DIS radiative factor.
The Sudakov corrections to prompt-photon hadroproduction (Fig. 1e) are embodied in Eqs. (26, 27) 
The presence of the NLL contribution ∆ (int) ab→dγ N on the right-hand side of Eq. (67) implies that the physical picture of the Sudakov radiative factors in terms of independent single-parton contributions is not valid, in general. As discussed in Sect. 2 and explicitly shown in Eqs. (62-66), this picture applies to processes dominated by hard-scattering of two sole partons, but it breaks down at NLL accuracy in the case of multiparton hard-scattering. The breakdown is due to interferences and colour correlations produced by soft gluons that are radiated at large angle with respect to the directions of the hard-parton momenta [29] . Soft-gluon interferences are present in the hard-scattering of three QCD partons as shown by Eq. (67), while colour correlations affect hard-scattering of more than three QCD partons [36] .
Owing to their large-angle origin, soft-gluon interferences are process dependent. In the case of prompt-photon hadroproduction they are taken into account by the factor ∆ (int) ab→dγ N , whose explicit NLL expression is given in Eqs. (39) (40) (41) .
Note that the coefficient D is thus factorized at NLL accuracy. This suggests that the effect of the interference factor can be absorbed by a proper rescaling of the independent-emission factors ∆ a , ∆ b and J d . As a matter of fact, neglecting corrections beyond NLL order, one can check that the right-hand side of Eq. (67) can be rewritten as follows
This equation has to be regarded as a manifestation of the colour-coherence properties of QCD emission [35] . Soft gluons radiated at large angle destructively interfere. Their effect can thus be taken into account by Sudakov factors of independent emission in a restricted (angular) region of the phase space.
Conclusion
In this paper we presented the explicit expressions for the resummation of threshold-enhanced logarithms in hadronic prompt-photon production, to next-to-leading accuracy. The simple colour structure of the diagrams contributing to prompt-photon production reflects itself in the simplicity of the resummed formulae. Fragmentation processes, furthermore, do not contribute to the Sudakov resummation at NLL level. In Mellin space, the resummed radiative factor factorizes in the product of three independent contributions for the initial and final coloured partons appearing in the Born process, times a simple factor describing the soft-gluon interferences between initial and final states. General coherence properties of large-angle soft-gluon radiation allow to further simplify the result: the interference contributions can be described, to the same degree of accuracy, by constraining the phase-space for independent emission from the coloured partons. The resulting radiation factor can thus be written as the product of the three independent single-parton contributions, with a properly rescaled dependence on the Mellin-moment variable N.
The formulae are given in terms of Mellin moments, and can be used for phenomenological applications by inverse-Mellin transforming to x T space. The problems related to this inversion are the same as those encountered in the resummation of the Drell-Yan or heavy-quark production cross-sections, and can therefore be solved with the same techniques [41] . All ingredients are therefore available for a phenomenological study of prompt-photon production including the evaluation of Sudakov effects with NLL accuracy. Such a study is in progress, and will be reported soon. The calculations presented in this work, together with previous work on Drell-Yan and DIS, make it now possible to carry out global fits of parton densities with a uniform NLL accuracy in the large-x region. All of the processes that are used for these global fits, among which promptphoton production plays a critical role, are now known theoretically at this level of accuracy.
Appendix A: NLL formulae for the radiative factors
The logarithmic expansion of the radiative factors in Eqs. (32, 36, 39) can be computed as described in Refs. [32, 43] . The running coupling α s (k 2 ) with
has to be expressed in terms of α s (µ 2 ) according to the NLO solution of the renormalization group equation:
where b 0 , b 1 are the first two coefficients of the QCD β-function, which are explicitly reported in Eq. (48) . Then the z integration can be performed with NLL accuracy by setting
Defining
we find
ln ∆
where the LL and NLL functions h 
Note that the functions f 
Inserting the expressions (72, 73, 74) into Eq. (31), and using the explicit form of the perturbative coefficients A 
where the various coefficients can be read from Eqs. (56, 57)
and C
qg→γ are given in Eqs. (58, 59).
Analogously, we can write the NNLO cross sectionσ (2) ab→γ as follows:
The coefficients c 2,4 , c 2,3 , c 2,2 can be calculated by expanding the resummation formulae (26, 27) to the second order in α s . We find
where the coefficients c 1,2 , c 1,1 , c 1,0 and K are given in Eqs. (82, 83, 84) and (35) .
Our prediction for the coefficients in Eq. (85) can be used to check future NNLO calculations of the prompt-photon production cross section. Alternatively, when these calculations become available, they can provide a highly non-trivial check of our NNL resummation. Eq. (10) The second contribution on the right-hand side of Eq. (90) is due to point-like interactions of the incoming photon with high-momentum partons. The point-like cross section can in turn be decomposed in direct and fragmentation components
The rescaled partonic cross sectionsσ aγ→γ andσ aγ→c have perturbative QCD expansions similar to Eqs. (11) and (12) . In particular, for the point-like direct component we havê
where the only non-vanishing terms at LO are those due to the Compton scattering subprocesses
whose contribution to the cross section iŝ
To perform soft-gluon resummation at high E T , we work as usual in N-moment space by defining
The resummation of the large-N corrections to the N-moments of the hadronic contribution in Eq. (90) is exactly the same as for the hadroproduction case discussed in Sect. 4 . Moreover, in the large-N limit, the point-like contribution turns out to be dominant: the hadronic contribution involves the additional convolution with the photon parton density f b/γ and this implies its suppression by a relative factor of O(1/N). We can thus limit ourselves to considering the point-like cross section.
In the case of the point-like contribution, one can repeat the argument in Sect. 4.1 on the relative size of the fragmentation component and of the various direct subprocesses. Up to NLL accuracy, we then conclude that soft-gluon resummation in the photoproduction cross section (95) is controlled by the point-like direct channels qγ → γ andqγ → γ. The all-order resummation formulae for the corresponding partonic cross sections arê 
where 
The radiative factor ∆ qγ→qγ N and the N-independent function C qγ→γ in Eq. (27) can directly be related to the analogous contributions ∆ . Using the explicit formulae in Eqs. (32, 34) and (39, 41) , this implies that up to NLL accuracy we can neglect both ∆ g N and ∆ (int) qg→qγ N and we have the simple result:
Note that no soft-gluon interference factor ∆ 
where the LL and NLL terms g (1) and g (2) are expressed in terms of the auxiliary functions h (1) and h (2) of Eqs. (49) and (50): g
qγ (λ) = C F h (1) (λ/2) ,
g (2) qγ λ,
The N-independent function C qγ→γ (α s ) has the following perturbative expansion 
Expanding the resummation formula (96) in powers of α s we can derive the large-N behaviour of the NLO and NNLO cross sectionsσ 
where c 
and the coefficient K is given in Eqs. (35) .
